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OPTICAL nSRE WITH QUANTUH DOTS 

Tliis inveotioa relates to an optical fibre and has particular burnot exclusive 
applicanos to use » an optical amplifier^ 

s 

Badcground of the Inventioii 

It is known that erbium dop^ £3)res can be used as optical ampUfiers. 
However, the7 suSer from a number of disuivantages. For example, a long 
length of fibre is required in order to achieve a significant level of 
to amplification, e.g. lOnu Also, erbium is a toxic substance so manufacture of 
the doped fibre is complex and requires stria pollution control measures. 

Recentl/i it has been shown that very small partides, fabricated on the 
nanometre scale, give rise to specific optical efiiects, such as 
n electrohmiinesoenoe. A leviev is given in Colloidal Semi<onduaor Q- 
Partides; Chemistr7 in the Transition Region Between Solid State and 
Moleaile»,lytWeIlenAngew,Cbem.Ittt,Ed.Eng|. W^^^ These 
nanometre scale paitides are known as quantum dots. 

20 A laser making use of quantum dots if described in US Patent No. 5 2iO 957. 
In this arrangementi a host material such as PMMA contains quantum dots. 
The laser may be in the form of a channel waveguide device, the host 
material being arranged in a cavity formed in a channel machined in a 
substrate, the substrate having a lower refiraccrve index than the host. The 

21 laser is pimq>ed by an external lig^it source in order to provide a User output. 
The use of polymeric material is said to be advantageous. 

An optical fibre with no&4uiear optical diaracterisrics is known horn JP-A-4- 
195Q28, in which the interior of a tubular glass sheath is coated with nuteriab 
JO that, on subsequent heating, form particohtte material disposed in a glass core 
of the fibre. 
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The pment inveotion is coacemed wich the prochiccion of an optical fibre 
with inqpxDved axnplificatioii or wavelength conversion chaxacteristics. 

In acooidance wi^ the present inventioni there is provided an optical fibre 
5 with a colloid of quantum dots therein. 

The fibre may indude a core and a daddin^ with the colloid of quantmn dots 
fbnning at least part of the core. 

so The colloid of quantum dots may indude a non-vitrebus support medium in 
which the dots are dijf>ersed, e*g didilorobenzene, tohiene, benzene, 
nitrobenzene, pyridene or carbontetrachloride. 

The dot density in the medium axui the diameter distribmion for the dots are 
IS selected depending on the application of the fibre. Similarly, the materials 
fit>m which the dots are made arc selected depending on the intended use. 
For example, when used as an optical amplifier, the quantum dots may 
comprise kad sulphide O^bS) with a diameter range of 5-10 nm. 

20 The fibre according to the invention has particular application as an amplifier, 
when pumped by an eztemal source, so that input light, eg. light pulses, can 
beamplified. The arxangement may be simihr to that used for a conventional 
eihium doped fibre, but with the wiwxatf^ that the ampUf iflar i on is more 
fffinfnt and so a much shorter length of fibre can be used. The fibre however 

2s has other uses, e.g. as a wavelength converter. 

Brief Description of the Drawings 

In Older that the invention may be more fiiUy understood, an embodiment 
thereof and a method of making the same will now be described by way of 
JO example with refermoe to the accompanying drawix^ in which: 

Figure 1 is a schematic perspective view of an optical fibre in accordance with 
the invenuon; 
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Figiue 2 is a vnaamnt cross section of the fibre shown in Figure 1; 
Figuie 3 shows a method of making the fibre shown in F^nre 1; and 
Ftguie 4 iUttstiates the fibr^ used in an optical amplifier. 
DefeaQcd Dcscnption 
i Refeixing to Figure 1, this shows an example of optical fibre in accordance 
with the invention wfaidi conasts of a tubular ^bss dieath 1 that has an 
elongated central opening 2 running the length thereof. Such a hollow fibre 
can be made and filled with a liquid in the manner demonstrated by Kaihyap 
and Finlayson in Optics Lettera 17 pp 405-407 (1992). The central opening 2 
to is filled with a colloid of ({uantum dots» namely a suppoit medmm 3 that 
contains quantum dots 4. This can be seen deadly from Figure 2. 

The colloid of quantum dots (3,4) forms the core of the fibre and the glass 
sheath 1 forms its daddmg. Hie refractive index of the siq)poiT medium 3 is 
/) selected to be somewhat greater than the refractive index of the glass sheath 1 
so that the refiaettve index difGnence ^ wiU cause light incident at one end 
of the fibre w be ]»opagated along the length of the core, in a manner weU 
known perse for optical fibres. Thus, light tsansmitted along the fibre is 
incident on the quantom cbts 4 hdd in the support medhun 3. 

The quantum dots 4 are selected to prodnoe photcdununesoence. An 
appropriate sdection is to use a material that hiwinwrrs eEBdentljr in the balk 
e.g. a direct ffp semiconductor or insulator such as a O-V, II-VI or hVH 
material or some alloy of these. However, other material should not be 
3s cEchided. because selection rules that prevent a material himinwdng efSdendy 
in the bulk are rdazed to some extent in quantum dots. Ako the surface 

of the quantum dots may in^fodoce new electronic transitions that 
may lead to efficient hmunescence that is not related to the bulk electronic 
sttucQtre. 

JO 

Stthabk materials for the support medium are liquids with a refractive index 
larger than that for the ghtts of which the fibre is composed. Examples of 
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auch Cquids ate toluene^ benzene and nitrobenzene. 

As described by Wdkr, bhherto, mucb xeseaxicfa has been carried out on 
colloidal sanples for CdS, GdSei PbSe and PbS, ahhon^ reports on the 
5 synthesis of other partides indude 2nS| 21nO, HO^^ AgBr, Hjglai ZnTe, 
CdTe,In2S,»In^,»Cd3PaiCdjA^ and also GaAs. The sulphides, selenides» 
teUttrides, and pho^hides can be prqpaied by precipitation by ^|S» HSe, 
HiTe or PH3 or their alkaline metal saks, from a sohstion containing the 
metal ion. Either AsH, or As(Ca^i is used for the pfcparxdon of axsenides. 
20 The oxides are prqpared^ for example by the hydn^lysis of the a^^ 
compounds. Stable colloidal soludons are obtained by the addition of 
stabilisers (tensides, organic or inorganic poljonen). 

A much used method for the preparation of quantum dots is the precipitation 
ts in the presence of sodium polyphosphate as a stabiliser* The polypho^hate is 
well suited for the stabilisation of quantum dots, because the chain is strongly 
bound by metal ions to the pamde surface. It causes electr o s t ati c repulsion 
between particles because of its charge and also keeps them apart sterically 
because of itt chain length. By means of the methods described by Weller it 
20 is possible to grow a colloidal solution containing (or exanqile CdSe paitides 
of average diameter U-2nm. 

A wide lanp of quantum dot diameters may be used. For exan^lct quantum 
dots within a diameter range of l*5Qnm may produce usdul results. Dots with 
2} a snuller diameter will produce more pronounced fluorescence so a range of 1- 
20 nm may be preferred. 

As shown in Figure 3, the colloidal sohxtion may be caused to enter the 
tubular e*a«« sheath 1 by capillary action. One end of the sheath 1 is inserted 
JO into a i^ervoir 5 containing the colloidal material 3, 4 ^a^iich then fills the 
central opening 2 of the sheath by capillary acrion. If necessary, negative 
pressure can be applied to the other end of the sheath to aid the filling 
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process. Posithw pressure lav b« «^ ^''^ 

material in die reservoir 5. 

Hgure 4 diows an exanple of the fibre aocotdtng to the invention in an 
optical amplifier. One end of the fibre lis spliced at region 6 to a 
conventional silica optical fibre 7 which itself if fused to a fiiither fibre ^ 
coupling region 9. Optical signals from a source 10 are directed into the fibre 

I. Additionally, the fibre is punq)ed by. for esample, a semiconductor laser 

II, in Older to promote an electron from one of the low energy states 
(normally oa»pied m the absence of the pump or signisl beams) in the 
quantum dot into one of the high energy states (normaDy unoccupied in the 
absence of the pump or signal beams). The electron can then amplify a light 
signal from the source 10 by making a transition back from one of the hi^ 
energy states to one of the low energy states and thereby emitting a photon, 
provided the energy lost by the dectron in making the transition matches the 

energy of the photons in the signal beam. 

The invention has the advantage that the amplification efficiency of the fibre, 
as shown in Figure 4, is much greater than that of a conventional erbium 
doped fibre so that the length of fibre needed to achieve the appropriate 
amplification level is signiEeamty reduced. Also, the power leveh from the 
laser 11 may be reduced significantly. Furthermore, the materials used are less 
toxic which greatly sin^lifies manufiwtnre. 

A great advantage of a quantum dot amplifier is the ease with whicfa it is 
possible to engineer the gam spectrum so that it is reasonably flat over the 
entire window of the fibre thereby allowing all wavdengchs in a wave 
division mukiplex transmission system to benefit equally from amplification. 
This can be achieved by ensuring that there is a suitable spread in the sizes of 
the quantum dots. If this cannot be done in one prBparatbn, it can be 
achieved by mixing quantum dots from different pr^aiations containing 

<|iiaiituiii dots of differuit mean sizes» 
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Whilst the arrangpmeut of Fisun 4 produces amplificarioii, it will be 
appreciaced that by an appropriate choice of the quantum dots^ wavelength 
conversion can also be achieved. In order to achieve this, the sources 10 and 
11 may be sdected to ffimiilarf dlEEIerent wavelei^ transitions a ss oda rid 
s with the <]nantum dots. The source 10 may be modulated at a given bit rate» 
whereas the sonxve 11 acts as a utpsc wamleagcht with the result that the 
optical fadtation from the source 11 becomes modulated in the Shn at the bit 
rate of the source 10» thereby efieciing wavdei^ conversion. 

io The nmu&cture of a specific cnmpk of an critical fi^ 
an^lifier will now be described. 

Example 

A hollow preform of sodalime glass was drawn into an elongate sheath with 

sj an inner diameter of 5fun for its central opening and an outer diameter of 
125^ and cut to a length of IScnu The sheath had a refractive index of 
1.45. The central opening was filled with a colloidal solution of quantum 
dots of PbS material with a mean diameter of 5-lQnm in a support medram of 
tohiene. The filling was achieved by capillaiy action and neg^ 

30 previously described. The ends of the central opening were left open, as the 
colloidal solution is held in phce by capillary action. Xbwew, the ends can 
be filled with an opdcaUy transparem phiggu^ inaterial, i^ The 
mean concentration of the quantum dots in die support medium was 
approxunately 1% by volume. The colloidal sohitioh containing the quantum 

2s dotsexhibitedarefiactiveindexof IJO. Thequanm 

gaps over a rmgt of 0.8 1.0 ev as a Auction of diameter^ whidi permitted 
broadband hanicscence over a range 1.3 - 1.5 fim for light fed into the fibre, 
whai pun^^ed at a wavelength of 1.06fmi so as to provide broadband 
anq)lificadon in the two waveleng^ ranges often used for optical 

30 tdecomtnunicariom. 

The resuking fibr« tends to support a single transmission mode, but if the. 
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diaaeter of the ceotnl opeiiiiig is inaeased, muld-inode opencion may b« 
Bcliieved. 

The PbS quantum dou tme loimed fay prec^ntatioa from aa aijneous 
solution of a lohible lead lak e* Pb^ or tt)(OCOCHj)a, uaing HjS as the 
predpitadng agBnt, in the piesenoe of sodium polyphosphate as a stabiliser. 
The resulting quantum dots were then dried so as to form a powder which 
was then dispeised in toluene in order to produce the colloidal sohition to be 

used as the filW material for the glass sheath. 



In order to aid luminescence, it is desirable to saturate the bonds which hang 
free ax the surface of the quantum dots. This can be done by arresting the 
growth of the dots by adding Pb(OHJ so that the bonds which hang free are 
saturated with hydroKyl radicals. Alternatively, a so called 'hard boUed egg" 
ij atniouM can be formed in which another semiconduaornwterial is grown on 

the surface of the quantum dcjts. For eiample, for PbS dow, the yellow of the 
egg is PbS and the white m^ be a l^er of CdS grown subsequently. 
Alternatively "egp" with a yellow of PbSe and a white of CdSe can be 
formed. An example of this type of sttuerore has been P^orted by A. Mews 

M aal. Journal of Physical ChemiRiy (1994) 98, p934. 

Other modifications fan within the scope of the invention. For example, the 
cladding material may not have iu opening disposed oentnJIy. Furthermore, 
the cladding may surround a solid core hawng a refractivB iader greater than 

3S that of the cladding, the core having an opening therein that receiva the 
colloidal sohmon of quantum dots. This would reduce the restricrion on the 
refractive index of the colloidal solurion of quantum dots, and it may be 
possible to use a colloidal sohmon of quantum dots with a refractive index the 
tame as or possibly a little lower than the refractive index of the dadding, 

39 with the refractive index of the core being hi|^ than that of the dadding. 

Also, the cladding may iadude more than one opening that receives the 
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coUoidal sohitioii of ijuaatum dots, e.p m the manner of a nmlti-core optical 
fibre. 

Whilst the ooSoid described in the exan^les comprises quantum dots 
5 dispersed in a liquid suj^it medium, other states of support medium could 
be used, t.p solids and gases. 

In anjr or all of thett constructions, the fibre may be formed from a non-silica 
^asj such as a floride glass, or even a non-vitreous material such as a plastics 
10 material e.g, PMMA. 

The optical i>m plifi»r described hexein can be used in a resoziant cavity to 
provide a laser. For ezanq>le, the fibre as shown in Figure 4 can be provided 
with semi-refractive surfaces at the splice 6 and at the free end, to provide a 
iS Fabry-Perot resonant cavity. U desired, a pigtail fibre with refractive index 
grsus^ ma^ be attadied to the free end of the fibre 1 to tune the cavity. 

In another modification, the colloid of quantum dots may be used in a 
waveguide structure, which may itsdf be included in a resonant cavity e.g. to 
20 provide a laser, in which the wav^yide is not a fibre defined by a dadding, 
but instead a channel femied in a substiaie or some other non-fibre 
confinning structure. 

As u«d herein, the term 'optical* includes both visible and non-visible optical 
25 radiation, such as ultra \ioUx and infrared. 
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Claiins 

1. An optical fibre with a light guiJing region f ha n rrf ri yd by a colloid 
of quantum dots (3»4) thereiiL 

f 

1 An optical fibn according to ddm 1 wherem the mttertal of the 
quantum dots (4) is a III-V, H-VI or I-VH material or an alloy thereof. 

3. An optical fibre according to daim 1 or 2 wherein the material of the 
M qaancum dots (4) is selected from CdS, CdSe, PbS, ZnS» ZnO, TiO^ Agl. 

A#r,HgI»PbSe.ZnTe,Cdre,InA.In^Cd^i CdjAs, and GaAs. 

4. An optical fibre according to any preceding claim wherein the dots 
have a diameter range of 1-50 nm. 

w 

5. An optieal fibre according to any preoe^ng claim wherein the dots 
hove a '^"""^ range of 1-20 nm. 

6. An optical fibre acconlii^ to any preceding claim whcrdn the 
20 quantum dots have a diamerer range of 13-2.0 nm. 

7. An optical fibre according to daim 1 wherein the quantum dots have a 
cCameter range of 5>10 nm and are formed of FbS material 

2S 8. An optical fibre according to any preoedii^ daim wherem the colloid 
indodes a non-vkteous sqppoit medium in whidi the dots are Aspersed. 

9. An optical fibre according to daim 9 wherem the si^poxt medium 
con^rises an organic liquid. 

10. An optical fibre according to aiiy preceding daim wherem the support 
mttfium is selected from dichlorobenzene, tohiene, benzene, nitrd>enzene, 
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pjrzideae and carbon tetrachloride. 



11. An opdcsd fibre aooording to any preceding daim wberein the 
quantom dots are fbtmed from a first senuconductor material co ated vith a 

5 second dtffeitnt semiconductor materiaL 

12. An optical fibre according to any preceding daim incorporated in an 
optical an^fifier. 

20 13. An optical fibre according to any one of claims Ito 12 including 

pumping means (11) for optically punning the fibre, and inp\2t means (10) for 
applying input signals to be amplified to the fibre. 



14. An optical fibre according to any precedmg daim and operative as a 
/5 wavelength converter. 

15. An optical fibre according to any preceding daim wherein the fibre 
indudes a core and a dadding (1), and the coUoid of quantum dots ^,4) forms 
at least a pan of the core. 

20 

16. An optical fibre according to daim 15 wherein the dadding is made of 
glass. 

17. An optical fibre according to daim 15 wherein the dadding is tubular 
2S and indudes an opening (2) filled with the colloid. 



18. A method of making an optical fibre according to daim 16 or 17 
indudir^ causing the colloid of quantum dots to enter the opening at least in 
part by capillary action. 

19. A method according to daim 18 induding applying negative pressure 
to one end of the fibre to assist in drawing the colloid therein. 
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20. A mohod of makiag an optical fibre accoxxling any one of claims 1 to 
17 wherem the quantum dots are formed initially by prec^hation from z ssk 
solution. 

J 21. A method aca)iding to daim 20 wherein the predp 
and then dispersed in the support m ed i um, 

22. A waveguide that includes an optical active component that comprises 
a colloid of quantum dots (4). 

so 

23. A waveguide according to claim 21 included in a laser rmnant cavity. 

24. A waveguide accoiding to daim 21 or 22 including a channel in a 
substrate that contains said colloid of quantum dots. 

25. An optical fibre charaOfriH by a colloid of quantum dots therein. 
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